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Our study compares chemical production costs in the European Union (EU) and other countries in order
to understand whether these costs are higher in the case of Europe than in other countries. Our analysis
focuses on ammonia, methanol and light oleﬁns (ethylene and propylene), as all of them are considered
chemical compounds produced in large scale. The countries selected for comparison are USA, Russia,
Ukraine and Saudi Arabia, since they have high shares of extra-EU28 trade and/or the global installed
capacity of the selected products. A bottom-up approach (based on information at facility level) has been
followed, including 116, 29, 122 and 224 facilities producing ammonia, methanol, ethylene and propylene
respectively. Taking into consideration the complex differences in technologies and co-products between
operators, costs are broken down to six components: (1) feedstock, (2) credits (due to co-products),
(3) electricity, (4) thermal energy 5) other materials (chemicals, catalysts etc.) and (6) labour and other
costs (salaries, overheads etc.). Our ﬁndings suggest that it is not easy to reach a common conclusion
about the whole chemical industry. Overall costs compare more favourably among countries than
initially thought in the case of processes producing co-products, but maybe less favourably when pro-
cesses are without co-products. The European industry has lower production costs than the industries in
the other countries in the case of ethylene and propylene, but higher in the case of ammonia and
methanol. Feedstock costs play the most important role in the total production costs of all four products,
but the presence of credits due to by-products could change the behaviour of the total costs.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
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Discussions concerning the competitiveness of the European
industry, both in the industry and in the European Commission, have
raised the issue of cost differences between Europe and other coun-
tries. In the communication "For an European Industrial Renaissance"Ltd. This is an open access article u
u (A. Boulamanti).[1] it was acknowledged that production costs, especially energy
costs, might be higher in Europe than in other competitors.
There are some studies that assess the industrial energy use
and CO2 emissions of chemical products [2,3], but studies on the
economic assessment of energy intensive industries are limited
[4,5]. They usually focus on the impact of the environmentalnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Number of facilities per product included in the analysis.
Ammonia Methanol Ethylene Propylene
Reﬁnery grade Chemical/polymer grade
All facilities Facilities excluding steam crackers
EU 48 5 50 50 91 43
Russia 28 10 14 4 16 6
Ukraine 9 1 2 – 1 –
Saudi Arabia 6 8 15 1 20 7
USA 25 5 41 75 72 38
Total 116 29 122 130 200 94
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directly to the chemical industry or at a European level [6–9].
As the chemical industry is very wide and diverse, it is not
possible to model it as a whole, but the assessment has to be
restricted to individual products. In our study we aim to establish
the different parameters that affect the production costs of four
main chemical products and compare these costs in Europe and
other countries.
The products selected are ammonia, methanol and light oleﬁns
(ethylene and propylene). Ammonia is chosen due to its importance
in the fertiliser industry, light oleﬁns because ethylene is the largest
value petrochemical commodity produced globally [10] and metha-
nol because of its potential in the transportation sector [11,12].
Ammonia is synthesised from nitrogen and hydrogen according
to the Haber–Bosch process (an artiﬁcial nitrogen ﬁxation process)
and methanol derives mainly from pressurised synthesis gas
(mixture of H2 and CO) reacting in the presence of a catalyst
according to the Fischer–Tropsch process (a collection of chemical
reactions). These two chemicals have the ﬁrst step of the process
in common, which consists of production of hydrogen or synthesis
gas. Hydrogen and synthesis gas are produced mainly by two
methods depending on the type of feedstock used: (1) steam
reforming in the case of light hydrocarbons, such as natural gas,
and (2) partial oxidation in the case of heavy oils or solid carbo-
naceous materials. The primary feedstock for synthesis gas or
hydrogen is natural gas, followed by coal as an alternative feed-
stock [13].
Oleﬁns (or alkenes) are mainly used in the production of
polymers. The term "light oleﬁns" includes mainly the ﬁrst two
compounds of the group: ethylene and propylene. The primary
process for production of light oleﬁns worldwide is steam crack-
ing, known also as thermal pyrolysis. Steam cracking is a complex
process, producing more than one product and accepting a variety
of hydrocarbons as feedstock, ranging from natural gas liquids
(ethane, propane, butane) to petroleum liquids (naphtha, distillate
fuel oil). Ethylene and propylene yields vary between 24–55% and
1.5–18% respectively, depending mainly on the feedstock and
operating conditions [14]. Global production from steam cracking
completely meets the ethylene demand in Europe [15] and about
70% of the propylene EU production [16]. Propylene is also
obtained as a co-product from ﬂuid catalytic cracking (FCC) [17]
and "on-purpose" technologies, such as oleﬁn metathesis [18] and
propane dehydrogenation [19].2. Methodology
2.1. Boundaries and method
As already mentioned, the study focuses on four main chemical
products (ammonia, methanol, ethylene and propylene), due tothe complexity of the chemical industry and the variety of pro-
ducts and production processes. The goal of our analysis is to
assess whether the production costs in Europe are higher than in
other countries and for this comparison Russia, Ukraine, Saudi
Arabia and the USA are selected. The choice is based on factors
such as trade with the EU and/or important industries on the
products of interest.
In this study a bottom-up approach is followed in order to
evaluate the different costs of the manufacturing processes, based
on the information at facility level provided by IHS Chemical in the
form of a database [20]. The base year for our analysis is 2013, as it
is the latest year with publicly available data in statistics.
The facilities covered fall in the classes 20.13 and 20.14 of the
NACE REV.2 classiﬁcation. Class 20.13 refers to the manufacture of
inorganic chemicals using basic processes, while class 20.14 to that
of organic compounds [21]. The database provided by IHS Che-
mical covers all facilities in the countries of interest that produce
the four products selected.
Table 1 shows the number of facilities included. Propylene can
be found in the market in three different quality grades: reﬁnery
(55–75%), chemical (92–96%) and polymer (499.5%). Propylene
produced via FCC is of reﬁnery grade, while steam cracking and
"on-purpose" technologies produce at least chemical grade pro-
pylene. The table distinguishes among the different processes and
propylene grades.
World ammonia production capacity in 2013 was about
211 MtNH3 [22], with EU covering about 9% of it, Russia 7% and the
USA 6% [20]. The total capacity coverage of all the countries
included in the study reached 23.5% of global capacity. In the case
of methanol, the nameplate capacity installed worldwide in 2012
was 95.5 Mt [23], while in 2013 it was estimated to have increased
to 98.3 Mt [20]. Saudi Arabia covered more than 7% of the total
capacity and all ﬁve countries together about 16%. For ethylene
and propylene, the global capacities were estimated to be about
154.4 Mt and 147.7 Mt, respectively. Almost 18% of the ethylene
capacity and 21% of the propylene capacity was located in the USA,
while all ﬁve countries together included about 47% of the ethy-
lene global capacity and 43% of the global propylene capacity.
2.2. Components of the cost
It should be mentioned that our analysis did not include
depreciation or transportation costs and was focused entirely on
the production costs. The breakdown of the costs followed in this
study included six components:
a. Feedstock.
b. Credits (due to the value of the co-products).
c. Electricity.
d. Thermal energy.
e. Other materials.
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Feedstock costs consist of the cost of the fossil fuels trans-
formed in each process into products (and co-products). Valuable
co-products were taken into consideration as credits, which were
deducted from the other costs. Most of the processes also require
the use of catalysts or other chemicals. These together with the
water consumed, either for cooling or in the process, were incor-
porated in the "other materials" component. Finally, "Labour &
other costs" include salaries, both direct (e.g. other employee
beneﬁts) and indirect (support functions) overheads, property
taxes and insurances, as well as maintenance.
For the feedstock and energy components the costs were esti-
mated according to the following formula:
Cost ¼ Consumption  Price ð1Þ
In the case of credits, instead of consumption there is produc-
tion of valuable by-products. Consumptions of fuels and co-
products yields are technology speciﬁc and expressed as tonne
of feedstock, utility or co-product per tonne of main product. The
values used in the study were based on literature [14,17–19,24–27]
and the IHS database [20].
Labour, on the other hand, is a function of the number of
operators per shift required for each process, the productivity of
the country and the hourly rates. Unlike the number of operators
that usually depends on the process and the size of the plant,
hourly rates depend only on the facility location, therefore the
country. The productivity factor, linked to the efﬁciency, is country
and product dependent. All this information was provided in the
database [20] and was consistent with the general guidelines
provided by Perry's Chemical Engineering Handbook [28].
Table 2 includes the values used in modelling steam cracking,
which is the most complex process analysed in this study, for each
individual feedstock that can be used in the process. In industry, it
is common practice to use mixed feedstocks, according to their
availability. In these cases the ﬁnal values used for the costs wereTable 2
Consumptions and co-products yields of the steam cracking processes per tonne of eth
Units High severity naphtha Light na
Feedstock Naphtha t/t 3.30
Light naphtha t/t 3.2
Distillate fuel oil t/t
n-Butane t/t
Propane t/t
Ethane t/t
Reﬁnery gas t/t
Co-products C1 fuela t/t 0.50 0.6
C3s crudeb t/t
C4s crudec t/t 0.34 0.3
Residual fuel oil t/t 0.13 0.1
Hydrogen t/t 0.05 0.0
Propylene t/t 0.53 0.5
Pygas t/t 0.75 0.6
Utilities Electricity kWh/t 44 25
Cooling water t/t 400 20
Fueld GJ/t 22.3 28
Other materials Catalyst EUR/t 5.49 0.7
Chemicals EUR/t 4.0
a It is usually methane-rich gas.
b It is the production fraction that can be further processed to propylene of chem
cracking.
c It is the production fraction that will give butadiene after processing.
d This fuel consumption represents additional fuel required to support the processcalculated from the individual consumptions by taking into con-
sideration the percentage of each feedstock in the mixture. This
methodology was followed not only for the feedstock consump-
tions, but also for co-products, utilities and other materials.
The prices for the different feedstocks, fuels and products used
in this study were either extracted from Eurostat [29,30] and other
public sources [31,32] or provided by IHS Chemical, based on
major market prices, according to their understanding of the
individual markets. Table 3 contains the prices used. Especially in
the case of the EU, the table includes the average of the prices in
the different member states, but in the analysis for each facility the
price of the country it is located in was used (when available).
For each facility the six components of the costs were esti-
mated, based on the individual characteristics, such as size, feed-
stock and technology used, and location. Then for each country the
average was calculated (weighted according to capacity)
Weighted average cost ¼ΣðCapacity  CostÞ=ΣCapacity ð2Þ
The total production costs for each country were the sum of the
weighted average of the six components for this country.3. Results and discussion
Following the methodology explained previously, we were able
to produce comparative values for the ﬁve countries selected for
this study. It is not possible to compare the different products
among them, but we can compare the different technologies
producing the same product, as whatever the production tech-
nology, its outputs compete in the same market.
Each product has special characteristics and Fig. 1 summarises
the overall average costs for ammonia, methanol, steam cracking
and propylene.
In the case of ammonia and methanol, the thermal needs of the
processes could not be separated from the feedstock. The reaction
producing methanol is highly exothermic and a major challenge ofylene.
phtha Distillate fuel oil n-Butane Propane Ethane Reﬁnery gas
5
4.67
2.51
2.38
1.29
2.18
2 0.48 0.56 0.65 0.11 0.89
0.04
0 0.43 0.26 0.10 0.04 0.13
3 1.15 0.04 0.1
5 0.05 0.04 0.05 0.08
3 0.69 0.43 0.40 0.14
3 0.88 0.18 0.16 0.02 0.03
0 300 180 180 140 148
6 206 206 206 206 206
.4 31.3 24.8 24.6 21.0 21.8
1 0.72 0.50 0.51 0.16 0.16
6 4.89 3.92 3.65 3.16 3.16
ical or polymer grade, additional to the propylene produced directly from steam
generally for heat generation.
Table 3
Prices of feedstocks, co-products, utilities and labour.
Units Ukraine Russia Saudi Arabia USA EU
Feedstocks Natural gas EUR/t 425.42 114.10 29.70 148.96 442.99
n-Butane EUR/t 564.83 546.01 475.40 470.39 638.80
Ethane EUR/t 549.67 296.54 46.28 145.96 612.44
Distillate fuel oil EUR/t 620.65 620.65 698.50 667.46 698.12
Naphtha EUR/t 613.42 564.64 708.56 669.58 671.67
Propane EUR/t 560.91 549.61 480.49 394.34 612.16
Reﬁnery gas EUR/t 488.66 391.92 111.96 244.57 409.74
Co-products C1 fuel EUR/t 304.56 182.58 49.51 143.46 525.86
C3s crude EUR/t 962.37 831.80 495.78 966.37 1007.55
C4s crude EUR/t 786.02 468.99 720.01 835.58 885.02
Residual fuel oil EUR/t 426.96 217.71 454.99 474.60 468.42
Hydrogen EUR/t 778.13 466.47 126.48 366.52 1343.51
Pygas EUR/t 743.72 679.45 804.61 773.89 789.01
Utilities Electricity EUR/kWh 0.059 0.039 0.024 0.035 0.085a
Cooling water EUR/t 0.019 0.014 0.010 0.013 0.025
Process water EUR/t 0.025 0.019 0.015 0.018 0.031
Labour Hourly rate EUR/h 3.57 4.79 15.09 20.86 18.01
a This average refers to Band IE according to Eurostat, but in the actual analysis the price per country and per consumption band for each facility was used.
A. Boulamanti, J.A. Moya / Renewable and Sustainable Energy Reviews 68 (2017) 1205–12121208the industry is to remove the excess heat in order to shift the
equilibrium towards the products and avoid side reactions and
catalyst sintering [33]. On the other hand, in the ammonia
industry, the feedstock consumption covered both energy and
non-energy requirements.
As shown in Fig. 1a and b, the total costs of ammonia and
methanol in Europe were comparable to the Ukrainian industries,
but higher than the industries in Russia, USA and Saudi Arabia. The
main reason for this is that costs in both the ammonia and
methanol industry were highly dependent upon the cost of feed-
stock. Since the vast bulk of both products is produced from nat-
ural gas, the cost of natural gas is the decisive factor determining
the production costs. Natural gas prices varied signiﬁcantly among
the different regions, as can be seen from Table 3. Saudi Arabia had
the lowest price, around one tenth of the price in Europe.
Labour and other costs were the second most important com-
ponent of the production costs in the industries of these two
products. These costs accounted for 11% and 15% of the overall
ammonia costs in Europe and Ukraine, respectively, although
hourly rates are 5 times lower in the latter than the former. The
reason for the difference is that productivity in Europe was 3 times
higher than in Ukraine. The relation between labour and total
methanol costs was about 11% for Europe and 45% for Saudi Ara-
bia. This difference can be attributed to the much lower costs of
feedstock in Saudi Arabia compared to Europe.
Especially in the European methanol industry, electricity also
seemed to be playing an important role, but this result was due to
the almost totally localised industry in Germany. About 90% of the
European methanol industry is located in this Member State,
which had the second most expensive electricity (for consumption
bands ID and IE) in the EU in 2013 [30].
In the case of processes with co-products, such as for ethylene
and propylene, in Fig. 1 there are two bars corresponding to each
country: the ﬁrst one showing the disaggregated cost components
and the second one showing the aggregated total costs. As can be
seen, the presence of credits plays a determinant role decreasing
the total production costs in most of the countries.
Steam cracking is a process producing mainly ethylene, but also
several co-products, including propylene. Depending on what is
considered as ﬁnal product, there are different ways to express
consumptions and costs. If ethylene is the ﬁnal product of theprocess, all energy and feedstock used is allocated only to it and all
other co-products are hence energy and feedstock neutral. The
results shown in Fig. 1(c) were derived based on this assumption,
while the results shown in Fig. 1(d) were derived based on the
assumption that ﬁnal products are both ethylene and propylene. In
the latter case propylene was no longer included in the co-
products and since total light oleﬁns production is higher than
when considering only ethylene, the six components of the costs
were lower (including the return from the credits) than under the
previous assumption.
It is interesting to note in the steam cracking industry the
difference among the countries of the study. The American steam
cracking industry is based mainly on domestic natural gas liquids
as feedstocks, as naphtha has historically been an expensive
feedstock in North America. This is also the case in Saudi Arabia.
On the contrary, ethylene producers in Europe have been favour-
ing petroleum liquid feeds. A fundamental difference between the
two types of feedstocks is that heavier feedstocks such as naphtha
result in higher percentages of co-products than ethane feed-
stocks, as it can be seen in Table 2. This difference is depicted in
Fig. 1(c) and (d), in the part of credits. The higher prices of fuels in
Europe and Ukraine (Table 3) mean that the price of co-products is
also high, thus creating higher savings.
In Europe, the overall steam cracking costs amounted to
748 EUR/t when ethylene was the only main product and 816 EUR/t
when both light oleﬁns were considered. Note that although pro-
duction costs in the EU are in general higher than in the USA or
Saudi Arabia, this analysis excludes transportation costs. In the
particular case of ethylene, compressed tanks and therefore
decompression are required. This makes ethylene trade more
demanding and less proﬁtable, leveraging to a certain extent the
difference in production costs.
In the case of propylene, the analysis was done ﬁrst for all
different grades together and the results are shown in Fig. 1(e). In
most countries propylene is produced by a mixture of technologies
and the industries are mainly adjusted to the cheapest available
feedstock. As a result, there are not remarkable differences in the
total costs among the countries, with the only exception of
Ukraine, where propylene was only produced by steam cracking.
Steam cracking, as mentioned already, is a process producing
mainly ethylene, thus usually not having good economics for
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Fig. 1. Total industry costs. Summary of total industry costs in the case of (a) ammonia (per tonne of ammonia), (b) methanol (per tonne of methanol), (c) steam cracking
(per tonne of ethylene), (d) steam cracking (per tonne of ethylene and propylene), (e) propylene (per tonne of propylene), (f) propylene chemical or polymer grade (per tonne
of propylene) and (g) propylene reﬁnery grade (per tonne of propylene).
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in Fig. 1(e) are the same as the bars for Ukraine in Fig. 1(d).
However, as already explained, propylene can be produced in
three different grades. Chemical and polymer grades are not easy
to distinguish in the market, as their prices are similar, but reﬁnery
grade propylene is of lower quality and has lower price. As a result,
we performed the analysis for the two distinguished grades and
the results can be seen in Fig. 1(f) for chemical or polymer grade
propylene and in Fig. 1(g) for reﬁnery grade propylene. As the
reﬁnery grade product is the result of only one technology (FCC),
there are no important differences among the ﬁve countries
compared. The pattern observed in Fig. 1(e) when analysing pro-
pylene overall was due to the chemical and polymer grade pro-
duct. The costs in Europe were a bit higher than in the USA and
Saudi Arabia, comparable to Russia and lower than in Ukraine.
As average values do not give any idea of the range of varia-
bility, we provide in Figs. 2–4 the maximum, minimum and
average values for the total speciﬁc costs and for a cost breakdown
in each country. In these ﬁgures each curve represents a compo-
nent of the cost and in each curve the countries are rankedaccording to their increasing average costs. Each vertical line joins
the minimum and maximum cost estimated for each country
according to their different performances and prices. If there is no
vertical line it means that there is no variation among the facilities.
This could be the case either because of components that depend
on the technology and all the facilities use the same one, or that
there is only one plant in the country. This analysis was not per-
formed in the case of propylene reﬁnery grade, as there is only one
technology by which it is produced (FCC).
Figs. 2–4 outline again the importance of the feedstock in the
production costs, while in Figs. 3 and 4 it is illustrated the inﬂu-
ence of credits (if available). The rest of the components did not
play a signiﬁcant role. What is interesting to note from the results
shown in Figs. 2–4 is that in some cases a higher average value
from a country could be included in the span of production costs of
another country whose average value was much lower. This was
the case with the EU and Saudi Arabia or the USA for steam
cracking if the base of the analysis is the total production of both
oleﬁns (Fig. 3(b)) and even more impressively for propylene
(Fig. 4). The big difference between minimum and maximum costs
Fig. 2. Ammonia and methanol average cost curves and intervals. Average cost-curves and intervals encompassing the maximum and minimum for (a) ammonia and
(b) methanol.
Fig. 3. Steam cracking average cost curves and intervals. Average cost-curves and intervals encompassing the maximum and minimum for steam cracking (a) per tonne of
ethylene and (b) per tonne of ethylene and propylene.
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process being applied: High-severity Fluid Catalytic Cracking (HS
FCC) [34,35]. This process has higher consumption of feedstock
and utilities than the rest of the processes producing propylene of
at least chemical grade.4. Conclusions
The goal of the present study was to evaluate the production
costs of the chemical industry in several countries for comparison.
But as the chemical industry has a wide variety of products with
very diverse production routes and cannot be modelled as a whole,
we performed a comparison of the production costs of four major
chemical products (ammonia, methanol, ethylene and propylene) in
ﬁve countries (the EU, Russia, Ukraine, Saudi Arabia and the USA)
for 2013. The costs were broken down into six components: feed-
stock, credits due to valuable co-products, electricity, thermal
energy, other materials (chemicals and catalysts) and labour and
others (salaries, maintenance costs, property tax etc.).
From the results of our study we concluded that if the process
had only one valuable product, as in the case of ammonia and
methanol, then higher prices of fuels (as in Europe and Ukraine)
corresponded to higher total production costs. On the other hand,if the process had valuable co-products, as in the case of steam
cracking or the other propylene production processes, then the
credits achieved, thanks to the value of these co-products, com-
pensate for the higher feedstock prices. In these cases, the Eur-
opean industry was competitive to the industries in the countries
selected.
The total average costs in Europe in 2013 amounted to 337 EUR/t
for ammonia, 408 EUR/t for methanol, 748 EUR/t of ethylene or
816 EUR/t of ethylene and propylene in the case of steam cracking
and 784 EUR/t for propylene of all grades. The total average costs in
Saudi Arabia that had usually the lowest production costs, and
Russia that is one of the main country from which Europe is
importing products, were 57 EUR/t and 111 EUR/t respectively for
ammonia, 51 EUR/t and 105 EUR/t for methanol, 287 EUR/t and
810 EUR/t for ethylene and 781 EUR/t and 743 EUR/t for propylene.
In order to give an idea of the components of the cost such as
capital costs (interest and depreciation) and transport costs, that
were excluded from this analysis, it is mentioned that in 2013 the
average price of ammonia in the Gulf Coast was about 450 EUR/t
[36], while the price of methanol in Europe and Asia was in the
ranges 370–450 EUR/t and 325–414 EUR/t respectively [37]. In
September 2013 global ethylene prices reached about 973 EUR/t
following changes in the price of naphtha [38] and global propy-
lene for polymers price 1030 EUR/t [39].
Fig. 4. Propylene average cost curves and intervals. Average cost-curves and intervals encompassing the maximum and minimum for propylene (a) all grades and
(b) chemical or polymer grade.
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the global market, higher production costs can serve as incentive
to pursue higher energy efﬁciency and more sustainable methods.
Unfortunately, the availability of public information concerning
these aspects of the industry is low. Nevertheless, especially in the
case of the EU, with more stringent environmental and sustain-
ability legislation, the chemical industry is known to have widely
adopted technologies such as co-generation for the production of
electricity and heat or best available technologies, as these are
described in the reference documents accompanying the Industrial
Emissions Directive [40], or participating in schemes such as the
European Emissions Trading Scheme [41].
From the comparison of costs and prices it is obvious that
mainly the European methanol industry is faced with a strong
competition. This probably explains efforts to increase the
methanol plant production [42] and the development of bio-
methanol taking place in Europe [43,44]. There is already a plant
in the Netherlands, producing methanol both through the con-
ventional route and through a biogas process [45,46]. Besides
biomethanol, methanol synthesis using captured CO2 is also
emerging, but is not yet economically viable [47].
Feedstock played the major role in the production costs of all
four products. It was the component deciding the behaviour of
total costs. The only component of the cost that could change this
inﬂuence was credits. Energy or labour costs were not distinctly
higher in Europe than in any of the other countries. On the con-
trary, due to the higher productivity of the European industry,
these components could be lower in Europe than in Russia,
Ukraine and even the USA (in the case of ammonia) or Saudi
Arabia (in the case of propylene).
It should be noted that depreciation and transportation costs
were not part of this analysis. In order to draw more accurate
results about the competitiveness of the chemical industry in
different parts of the world, these two components should be also
included. Transportation might mean important additional costs
since some products, such as ethylene, have to be transported in
compressed tanks and later be decompressed. These special
characteristics are too case-speciﬁc and they could not be mod-
elled in a facility-based analysis of chemical products.
Future steps in our analysis will include sensitivity analysis and
extension of the study for more recent years, in order to take into
consideration changes in the prices of feedstock and the structure
of the industry concerning the use of renewable energy and
energy efﬁciency improvements.References
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